C
ell wall integrity is crucial for fungal growth, survival, and pathogenesis. Responses to some environmental stresses are mediated by the highly conserved protein kinase C1 (PKC1) cell integrity pathway and are thought to be transduced at least in part by conserved Rho GTPases. The Rho family of GTPases, a subfamily of the Ras superfamily, has a fundamental role in regulation of polarized growth and the actin cytoskeleton, microtubule assembly, membrane transport factors, and transcription factor activity (reviewed by Etienne-Manneville and Hall [1] ). In Saccharomyces cerevisiae, Rho GTPases consist of six well-studied proteins, Rho1 to Rho5 and Cdc42 (reviewed by Levin [2] ). These proteins are all localized to the plasma membrane and serve distinct yet related functions in the cell. Rho1p is a master regulator of cell wall signaling involved in both Pkc1p activation and ␤-1,3-glucan synthesis. It may have a role in both receiving signals from outside the cell and regulating outputs involved in cell wall biogenesis, actin organization, and polarized secretion (reviewed in Cabib et al. [3] ). Rho2p is somewhat functionally redundant with Rho1p (4) (5) (6) , and Rho3p and Rho4p may share functions involving bud formation and actin polarization in S. cerevisiae (7) (8) (9) . Rho5p has a role in osmotic stress response and peroxide-induced apoptoticlike cell death (10, 11) . Cdc42p is important for bud site assembly and polarized cell growth and a late exocytosis step (12) (13) (14) . Rho1p and Cdc42p are essential in S. cerevisiae. C-terminal prenylation of the Rho proteins, which serves to increase hydrophobicity and membrane association, is necessary for proper localization and function of all Rho proteins in this organism.
Cryptococcus neoformans is a pathogenic yeast that causes pulmonary infections and meningoencephalitis in immunocompromised persons, primarily those infected with HIV (for a review, see reference 15) . Individuals with AIDS are particularly vulnerable to opportunistic fungal infections and cryptococcosis. It has been estimated that approximately 12% of patients with AIDS in the United States and 40 to 50% of HIV-infected people in portions of Africa will contract cryptococcosis, and, if left untreated, the disease is fatal (16) . C. neoformans is ubiquitous and found worldwide in the soil. Fungal cells, including C. neoformans, are continuously exposed to a wide variety of environmental stresses in both their natural habitats as well as in their resident hosts. One principal stress that fungal cells encounter is change in temperature, and adaptation to physiologic temperature is a prerequisite for gaining successful access to a mammalian host. Fungi subsequently sense and react to changes in their environment, including temperature, through a complex network of signal transduction pathways, thus adapting to their surroundings and ensuring repair to cellular damage. Therefore, understanding this network and elucidating components of signaling pathways may provide insights for future antifungal therapies.
Previous work in our laboratory has begun to reveal an understanding of the primary PKC1 cell integrity pathway and how fungal cells respond to various stresses that they may encounter (17, 18) . Rho GTPases are evolutionarily conserved in all eukaryotes as well as some plants. They presumably function upstream of known PKC1 pathway components and are known to play a critical role in signaling in other organisms. In order to characterize upstream signaling components in C. neoformans, we identified three protein homologues to S. cerevisiae Rho1p and two homologues to Cdc42p. We termed these Rho1, Rho10, Rho11, Cdc42, and Cdc420, respectively, based on highest protein BLAST scores. Ballou et al. previously characterized Cdc42 and Cdc420 C. neoformans proteins, demonstrating that both are nonessential, that Cdc42 is important for thermotolerance, morphogenesis, cytokinesis, and mating, and that this protein is also induced during growth at host temperature (19) . Here, we focus on elucidating functions for the Rho proteins. It is likely that one or more of these proteins interact with Pkc1, the major kinase involved in cell integrity and mitogen-activated protein kinase (MAPK) signaling (17) . Responses to environmental stresses are mediated by MAPK phosphorylation cascades in eukaryotic cells. In work presented here, we distinguish functions for each of the three Rho proteins by utilizing point mutants and deletion strains subjected to thermal stress and monitoring phosphorylation of the downstream kinase in the cell integrity pathway, Mpk1, as an output for activation of the PKC1 cell integrity pathway. We demonstrate that RHO1 is essential for C. neoformans viability and describe two different point mutants in this protein that constitutively phosphorylate Mpk1 regardless of thermal stress (20; also this study). Additionally, we show that deletion of RHO10 confers temperature sensitivity and causes constitutive Mpk1 phosphorylation but that deletion of RHO11 has no discernible effects and results in phosphorylation of Mpk1 at a level similar to that of the wild type (WT). Furthermore, a mutant strain lacking both RHO10 and RHO11 demonstrates temperature sensitivity similar to a rho10⌬ strain yet, like the rho11⌬ strain, phosphorylates Mpk1 in a manner indistinguishable from that of the wild type. An unexpected result from this study was that although genes downstream of PKC1 in the cell integrity pathway are necessary for PKC1 pathway activation in response to thermal stress, PKC1 itself is dispensable, suggesting alternative pathway involvement. Thus, we have begun to reveal separate and distinct functions for the Rho GTPases in C. neoformans yet propose a model where these small proteins likely act in concert with each other to produce a balance necessary for survival of fungal cells and maintenance of cell integrity.
MATERIALS AND METHODS
Fungal strains and media. KN99␣ was used in this study as the wild-type strain (21) . All mutant strains used in this study were generated in either the KN99 or KN99 Mpk1 Flag-tagged background; KN99 containing the Mpk1-Flag epitope was previously shown to be functionally indistinguishable from KN99 (17) . C. neoformans was routinely grown at 30°C on yeast peptone dextrose (YPD) (1% yeast extract, 2% Bacto peptone, and 2% dextrose) medium. Solid medium contained 2% Bacto agar. All strains with a deletion of PKC1 (along with appropriate controls) were grown on YPD medium supplemented with 1 M sorbitol. Selective YPD medium contained 100 g/ml nourseothricin (Werner BioAgents, JenaCospeda, Germany), 200 U/ml hygromycin (HYG) B (Calbiochem, La Jolla, CA), or 200 g/ml Geneticin (Gibco). For regulating the CTR4 promoter, YPD medium contained either 25 M cupric sulfate (Sigma, St. Louis, MO) or 200 M bathocuproinedisulphonic acid (BCS) (Sigma, St. Louis, MO).
To assess melanin production, strains were grown overnight in 2 ml of YPD medium at 30°C with shaking and diluted to an optical density at 650 nm (OD 650 ) of 1.0 with phosphate-buffered saline (PBS). Five microliters each of 10-fold serial dilutions were plated on solid L-DOPA (L-3,4-dihydroxyphenylalanine) medium (13 mM glycine, 15 mM glucose, 29.4 mM KH 2 PO 4 , 10 mM MgSO 4 -7H 2 O, 3 M thiamine, 5 M D-biotin, 2% agar, and 1 mM L-DOPA, pH 5.5) and incubated at 30°C for up to 7 days in the dark. The strains' ability to produce pigment was assessed visually.
To determine sensitivity to nitrosative stress, serial dilutions of cells Generation of deletion constructs and transformation of C. neoformans. Gene-specific deletion constructs of the Rho GTPases were generated using overlap PCR gene technology, described previously (18, 22) , and included either the hygromycin resistance cassette (HYG R ) (23), nourseothricin resistance cassette (NAT R ) (24) , or a Geneticin resistance cassette (G418 R ) (see Fig. S1A in the supplemental material). The primers used to disrupt the genes are shown in Table S1 in the supplemental material. The rho10 deletion cassette contained the nourseothricin resistance cassette resulting in a 1,062-bp replacement of the coding sequence between regions of primers 3-Rho10 and 6-Rho10 (shown in uppercase in Table S1 ). The RHO11 deletion cassette contained the hygromycin resistance cassette, resulting in an 841-bp replacement of the coding sequence between regions of primers 3-Rho11 and 6-Rho11 (shown in uppercase in Table S1 ). Constructs were introduced into either KN99 or the Mpk1 Flag-tagged strain using biolistic techniques (24, 25) . For the generation of strains lacking both RHO10 and RHO11, the rho10 deletion construct was biolistically transformed into two independent rho11⌬ Mpk1 Flagtagged strains. Cells were grown to late log phase in YPD medium, concentrated, and plated onto YPD agar for transformation. The cells were bombarded with 0.6-m gold particles (Bio-Rad) coated with DNA according to the manufacturer's recommendations and allowed to sit for 4 h on nonselective medium following transformation. Cells were recovered by adding 0.8 ml of PBS to the plate and scraping the cells into suspension. They were then transferred to the appropriate selective medium and incubated at 30°C. Transformants were observed within 3 to 5 days.
Analysis of transformants. Stable transformants were obtained by passaging cells five times on nonselective solid YPD medium, followed by testing for resistance on the appropriate selective marker. Only the isolates that grew on both selective and nonselective media were considered to be stable transformants. These isolates were then further analyzed by a threeprimer PCR screen that verifies the homologous integration at both the 5= and 3= ends of the deletion cassette. Another PCR screen using primers outside the deletion construct was used to demonstrate a single copy of the deletion cassette had been inserted at the desired locus (see Fig. S1A in the supplemental material). To rule out ectopic integration elsewhere in the genome, Southern blotting was performed, using the selectable marker as a probe. All rho deletions created for this study were found to have a single deletion construct homologously integrated at the appropriate locus with no other insertions in the genome (data not shown).
C. neoformans genomic DNA preparation. Genomic DNA was prepared by a modification of the glass bead DNA extraction protocol described by Fujimura and Sakuma (26) . Cells were suspended in a microcentrifuge tube in 500 l of lysis buffer (50 mM Tris, pH 7.5, 20 mM EDTA, 1% SDS), with 400 mg of glass beads (425 to 600 m; Sigma). Cells were disrupted by 10 min of vortexing, followed by 10 min of incubation at 70°C. After brief vortexing, 200 l of 5 M potassium acetate (KOAc) and 200 l of 5 M NaCl were added. The tubes were placed on ice for 5 min and centrifuged at 14,000 rpm for 20 min. The supernatant was mixed with 500 l of phenol-chloroform and spun for 2 min at 14,000 rpm. The aqueous phase was then mixed with 500 l of chloroform and spun for 2 min at 14,000 rpm. The DNA was precipitated by the addition of 200 l of ethanol, washed with 70% ethanol, and allowed to dry. Fifty microliters of a 10 g/ml solution of RNase A (Roche) was added to each tube, and tubes were incubated at 37°C for 30 min. One-tenth volume (5 l) of 3 M sodium acetate, pH 5.2, and 3 volumes (150 l) of ethanol were added to each tube, and the DNA was precipitated by spinning at 14,000 rpm for 10 min. The pellets were resuspended in 50 l of sterile Tris-EDTA (TE) buffer, pH 7.5.
Southern hybridizations. Approximately 10 g of genomic DNA from each strain was digested with various restriction endonucleases according to the manufacturer's recommendations. Restriction fragments were separated on a 1% agarose gel and transferred to nitrocellulose membranes using a Turbo-Blot apparatus (Schleicher & Schuell) and 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) as a transfer buffer. Probes for Southern analysis were prepared by random priming (random priming kit; Roche) using 50 Ci of [␣-
32 P]dCTP (AA0005; Amersham) according to the manufacturer's instructions. The blots were incubated in 10 ml of 2ϫ phosphate buffer (0.5 M Na 2 HPO 4 · 7H 2 O, 0.34% H 3 PO 4 , 2 mM EDTA) mixed 1:1 with 14% SDS for 1 h at 65°C. Next, the probe was added to the solution, and the blots were hybridized at 65°C for 14 to 20 h. The blots were washed twice in 2ϫ SSC-0.1% SDS at room temperature for 10 min and once for 10 min in 0.2ϫ SSC-0.1% SDS that had been prewarmed to 65°C. The blots were then UV cross-linked for 2 min and exposed on film or a phosphor screen for imaging.
Generation of constitutively active rho1 mutant strains. The C. neoformans constitutively active rho1 mutant strains were constructed by nucleotide substitution mutations in the phosphate or magnesium binding sites to create a deregulated GTPase (20) . PCR products were generated using overlap PCR technology (22) . The nucleotide substitution construct consists of 1,012 bp of genomic sequence upstream of the nucleotide substitution at amino acid position 15 or 1,272 bp of genomic sequence upstream of the nucleotide substitution at amino acid position 64, the G418 resistance cassette, and either 1,305 bp or 1,045 bp of genomic sequence downstream of the respective substitution site (see Fig.  S1B in the supplemental material). The construct was biolistically transformed resulting in the amino acid mutation of either glycine to valine at position 15 or glutamine to leucine at position 64 and the insertion of a G418 resistance marker by homologous recombination. Stable transformants were obtained by passaging cells five times on nonselective solid YPD medium and then on solid YPD medium containing 200 g/ml Geneticin (Gibco). Only transformants that grew on the selective medium were considered stable and were screened by PCR to check for the insertion nucleotide substitution at the desired location. Lastly, the entire RHO1 gene was sequenced for both point mutants to confirm the nucleotide substitutions and check for any unwanted mutations (data not shown). The primers used are shown in Table S1 in the supplemental material. The resulting strains carry rho1 G15V and rho1 Q64L mutations. Generation of reconstituted rho1 point mutants and rho10⌬ strains with wild-type genes. C. neoformans rho1 point mutant strains were reconstituted by cotransformation of two PCR products (27) . Product one consisted of KN99 genomic sequence of RHO1 spanning the wild-type gene plus 800 bp upstream and downstream, and product two consisted of the hygromycin resistance cassette. Two micrograms each of product one and two were biolistically cotransformed into both rho1 point mutation strains selecting for hygromycin-resistant isolates that were viable at 30°C (17, 27) . Stable transformants were obtained by passaging cells five times on nonselective solid YPD medium, followed by streaking on both selective and nonselective media. Transformants were screened by PCR for the presence of the RHO1 gene. Isolates that showed the presence of the wildtype gene and the absence of the original deletion resistance marker (G418 r ) used to create the rho1 point mutation strains, together with those that were HYG sensitive (had not retained the cotransformed marker cassette), were chosen for further study and rescue of point mutation phenotypes. A C. neoformans rho10 deletion strain was reconstituted by cotransformation of two PCR products (27) . Product one consisted of KN99 genomic sequence of RHO10 spanning the wild-type gene plus 1,000 bp upstream and downstream, and product two consisted of the G418 resistance cassette. Two micrograms each of product one and two were biolistically cotransformed into the rho10⌬ strain selecting for G418 resistant isolates that were viable at 39°C (17, 27) . Stable transformants were obtained by passaging cells five times on nonselective solid YPD medium, followed by streaking on both selective and nonselective media. Transformants were screened by PCR for the presence of the RHO10 gene as well as for the presence of the resistance marker (G418). Isolates that showed the presence of the wild-type gene and the absence of the original deletion resistance marker (HYG r ) used to create the rho10⌬ strain, together with those that were G418 sensitive (had not retained the cotransformed marker cassette), were chosen for further study and rescue of deletion phenotypes. Multiple efforts to generate reconstituted rho11⌬ and rho10⌬ rho11⌬ strains (both containing the Mpk1 Flag-tagged epitope) were unsuccessful in the RHO11 locus. However, two independent mutant strains were generated carrying the rho11⌬ mutation, and three were generated carrying the rho10⌬ rho11⌬ mutations.
Replacement of the endogenous RHO1 promoter with a repressible copper transporter promoter. The repressible copper transporter promoter, P CTR4 was generously provided by Tamara Doering as pCTR4-2 (28) and used to create promoter replacement constructs. The promoter replacement construct was created using overlapping PCR technology, similar to the deletion constructs (17, 22) . The RHO1 promoter replacement construct consists of 1,004 bp of genomic sequence upstream of the RHO1 promoter, the nourseothricin resistance cassette, P CTR4 , and 1,025 bp of genomic sequence downstream of the RHO1 start codon (see Fig.  S1C in the supplemental material). The construct was biolistically transformed and plated on YPD medium containing 200 M bathocuproinedisulphonic acid (BCS; Sigma, St. Louis, MO), resulting in deletion of 956 bp upstream of the RHO1 gene and the insertion of P CTR4 and the nourseothricin resistance cassette by homologous recombination. The primers used to replace the endogenous promoter with a repressible promoter are shown in Table S1 in the supplemental material. Stable transformants were obtained by passaging cells five times on nonselective solid YPD medium containing BCS and then on solid YPD medium containing 100 g/ml nourseothricin and BCS. Only the transformants that grew equally well on both the selective and nonselective media were considered stable transformants and were screened by PCR to check for homologous recombination of the promoter replacement construct at the desired locus. Lastly, Southern blot analysis that probed for the nourseothricin resistance marker was done to confirm single integration of the P CTR4 cassette that replaced the endogenous RHO1 promoter (data not shown). All media used in this experiment contained 200 M BCS for induction of the CTR4 promoter. The primers used are shown in Table S1 . The resulting strain was designated P CTR4 -RHO1.
Plating assay for determination of the essentiality of RHO1. Strains were grown in 2 ml of YPD medium containing 200 M BCS at 30°C with shaking overnight. After 14 to 20 h, the cultures were diluted to an OD 650 of 1.0 with sterile PBS. Tenfold serial dilutions were made, and 5 l of each dilution was plated on YPD medium containing either 25 M cupric sulfate (CuSO 4 ) or 200 M BCS. Plates were incubated at 30°C for up to 5 days.
Cell wall inhibitor, temperature, nitrosative, and oxidative stress sensitivity assays. Strains were grown in 2 ml of YPD medium overnight at 30°C in a shaking incubator. After 14 to 20 h, the cultures were diluted to an OD 650 of 1.0 with PBS. Five microliters each of 10-fold serial dilutions were plated on YPD solid medium containing the following cell wall stressors: 0.5, 1.0, and 1.5 mg/ml calcofluor white (CFW) (Fluorescent Brightner 28, F-3543; Sigma); 0.2, 0.5, and 1.0 mg/ml caffeine (C-0750; Sigma); 0.01%, 0.03%, and 0.06% SDS, and 0.5% Congo red (C-6767; Sigma). Plates were incubated at 30°C for 2 to 5 days and photographed. To test for temperature sensitivity, strains were plated on solid YPD medium and incubated at 25°C, 30°C, 37°C, or 39°C for up to 5 days. To test for nitrosative and oxidative stress sensitivities, strains were plated on solid YNB or YPD medium (pH 4.0 and pH 7.0) containing 1 mM NaNO 2 (pH 4.0 only), 0.5 mM or 1 mM H 2 O 2 , or 1 mM diamide and incubated at 30°C for up to 7 days (17) .
Capsule analysis. Cells grown on YPD plates for 2 days were plated on 13.4 g/liter Dulbecco's modified Eagle's medium (DMEM) (D-5648; Sigma) containing 25 mM MOPS, pH 7.0, and 1.8% agar and incubated in the presence of 5% CO 2 for 5 days at 30°C. Capsule-induced strains were resuspended in a 1:4 India ink-H 2 O solution and photographed on an Olympus BX61 microscope. Capsule diameter was measured and averaged for a minimum of 100 cells per strain using SlideBook, version 5.0. Differences in capsule diameters were tested for statistical significance using a one-way analysis of variance (ANOVA) with a Dunnett's t posthoc test to compare each mutant strain to WT. The level of significance (␣) was set at 0.05, and statistical analyses were done using PASW Statistics 18, release version 18.0.3 (SPSS, Inc., Chicago, IL).
Analysis of melanin production. Strains were grown overnight in 2 ml of YPD medium at 30°C with shaking and diluted to an OD 650 of 1.0 with PBS. Five microliters each of 10-fold serial dilution were plated on solid L-DOPA medium (13 mM glycine, 15 mM glucose, 29.4 mM KH 2 PO 4 , 10 mM MgSO 4 -7H 2 O, 3 M thiamine, 5 M D-biotin, 2% agar, and 1 mM L-DOPA, pH 5.5) and incubated at 30°C for up to 7 days in the dark. The ability of cells to produce pigment was assessed visually.
Western blot analysis. Yeast cells were grown overnight at 25°C to late logarithmic phase in 50 ml of YPD medium or YPD medium supplemented with 1 M sorbitol for the pkc1⌬ strain and relevant controls. For heat shock, cells were diluted 1:1 with YPD medium or YPD medium supplemented with 1 M sorbitol prewarmed at 55°C and further grown at 39°C for 1 h unless noted otherwise. Control cells were diluted 1:1 with room temperature YPD or YPD medium supplemented with 1 M sorbitol medium and grown further at 25°C. After indicated times, cells were diluted 1:1 with ice-cold stop mix (0.9% NaCl, 1 mM NaN 3 , 10 mM EDTA, and 50 mM NaF) (29, 30) . The cells were harvested at 652 ϫ g at 4°C for 10 min and then washed once in ice-cold stop buffer. The cell pellet was resuspended in 1 ml of 1ϫ lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, pH 8.2, 5 mM EGTA, 0.2 mM Na 3 VO 4 , 50 mM potassium fluoride [KF], 30 mM sodium pyrophosphate, 15 mM p-nitrophenylphosphate, 1ϫ protease inhibitor cocktail [11836170001; Roche], and 10 l/ml, each, phosphatase inhibitor cocktail I and II [P-2850 and P-5726; Sigma]). Approximately 1 ml of the resuspended cells was beaten for 10 min at 4°C with 0.75 ml of 0.5 mm zirconia/silica beads (11079105z; BioSpec Products, Inc.) on a Disruptor Genie. Lysates were spun down at 20,800 ϫ g at 4°C for 20 min, and the supernatants were collected. Protein concentrations were determined using Quick Start Bradford dye reagent (500-0205; Bio-Rad). For each sample, 50 g of total protein was loaded on 10% Mini-Protean TGX precast gels (456-1033; Bio-Rad) and transferred to nitrocellulose. For phosphorylated Mpk1 determination, a 1:2,500 dilution of phospho-p44/42 MAPK (Thr202/Tyr204) rabbit polyclonal antibody (4370; Cell Signaling Technology) was used. Total Mpk1 protein independent of phosphorylation was detected using a 1:5,000 dilution of DYKDDDDK (Flag) tag rabbit polyclonal antibody (2368; Cell Signaling Technology). All primary antibodies were diluted in TBST (25 mM Tris-HCl, pH 8.1, 145 mM NaCl, 0.1% Tween 20) plus 5% bovine serum albumin and allowed to bind overnight at 4°C. Secondary antibodies used were goat anti-rabbit immunoglobulin G, peroxidase conjugated (A-6154; Sigma) in a dilution of 1:1,000 in Tris-buffered saline-Tween (TBST). Proteins were detected using an ECL Plus Western blotting detection system (RPN2132; GE Healthcare).
RESULTS

Identification of C. neoformans Rho GTPases.
In S. cerevisiae, maintenance of cell integrity is controlled through the protein kinase C1 (PKC1) signaling pathway, which is regulated by the Rho1 GTPase (2). We utilized BLASTp homology with S. cerevisiae Rho1p to identify potential C. neoformans GTPases. This search yielded five homologues of Rho1. Reciprocal BLAST analysis revealed that two of these genes were more homologous to the S. cerevisiae GTPase Cdc42p than to Rho1p. C. neoformans CDC42 and CDC420 have recently been characterized by Ballou et al. (19) . The remaining three C. neoformans homologues were more similar to S. cerevisiae Rho1p than to Rho2p, Rho3p, Rho4p, or Rho5p. Therefore, we named the cryptococcal Rho proteins Rho1, Rho10 and Rho11 (Table 1 ). Further analysis revealed that all three C. neoformans Rho homologues are highly conserved and that Rho1, Rho11, Cdc42, and Cdc420 contained prenylation modification sites at the C terminus, which are important for proper localization and function ( Fig. 1) (2, 19 ; also the present study). Interestingly, Rho10 did not possess a predicted prenylation site at the C terminus, despite its high homology to both S. cerevisiae and C. neoformans Rho1 proteins. Thus, C. neoformans Rho10 may be atypical among the small GTPases (31) .
Two RHO1 homologues, RHO10 and RHO11, are nonessential, and a rho10⌬ rho11⌬ deletion strain is viable. In order to elucidate functional roles for the Rho GTPases, individual targeted gene deletions of C. neoformans homologues RHO10, RHO11, CDC42, and CDC420 were generated by homologous recombination in KN99␣ or the Mpk1-Flag fusion background strain. A strain containing gene deletions in both RHO10 and RHO11 was created by homologous recombination utilizing biolistic transformation of the rho10 deletion construct into the rho11⌬ strain containing the Mpk1-Flag fusion protein. Gene deletion cassettes were generated using overlap PCR (22) . Identification of specific KN99 gene sequences and design of the primers to generate the gene deletion cassettes were performed using the Gene Deletion Pipeline (18, 32) . All mutants generated in this work were positive for homologous recombination with 5= and 3= PCR screens, amplified a product of the appropriate size for the entire locus, and had a single insertion site by Southern blotting using a portion of the drug resistance marker as a probe, and all were analyzed by the same methods, as described previously (18, 32) . Although only one isolate may be shown for each strain, an additional independent isolate each for the rho10⌬ and rho11⌬ strains as well as three independent isolates for the rho10⌬ rho11⌬ strain yielded identical results in all experiments. Table 2 depicts the mutant strains created and used in this study.
C. neoformans RHO1 is essential. After numerous failed attempts in generating a targeted gene deletion for RHO1, we attempted to determine if this gene was essential by replacing the endogenous promoter with the repressible copper promoter, P CTR4 (28) . The resulting strain, P CTR4 -RHO1, was viable in the absence of copper; however, when the gene was repressed using CuSO 4 , it failed to grow (Fig. 2) . This result demonstrated that C. neoformans RHO1 was essential for viability and suggests that it may be functionally similar to the S. cerevisiae RHO1, which is also essential and controls many aspects of growth in baker's yeast.
The rho1 G15V point mutant and the rho10⌬ and rho10⌬ rho11⌬ deletion mutants exhibit growth defects, and the rho1 Q64L strain reveals smaller colonies at elevated temperatures. C. neoformans is thought to initially establish infection in (20) , were previously described as constitutively active based on amino acid conservation and homology to Rho1 proteins from other organisms. We generated these mutants in the KN99 background along with S. cerevisiae (Sc) Rho1p. Boxed in light gray are conserved domains for GTP hydrolysis, effector (putative site for interaction with target proteins), Rho insert (essential for Rho kinase activation), and putative membrane localization, including the prenylation site CAAX, where A represents an aliphatic amino acid (note that this site is conserved in CnRho1 and Rho11 but not in Rho10). Boxed in dark gray are the conserved glycine at amino acid position 15 and glutamine at position 64 that were mutated to valine and leucine, respectively, in the C. neoformans Rho1 protein to generate constitutively active point mutants. Fig. 3A and B) . Although neither rho1 mutant displayed pronounced growth defects at 37°C, the rho1 G15V strain showed markedly impaired growth at 39°C of 4 to 5 orders of magnitude compared to growth at permissive temperatures and to the wild type at 39°C. Additionally, the rho1 Q64L mutant exhibited a noticeably smaller colony size at 39°C that was not apparent at any other temperature (Fig. 3A) . The high temperature growth defect of each point mutant was remediated by replacing each mutant allele with the wild-type RHO1 gene in the original locus (Fig. 3A) . Addition of the osmotic stabilizer sorbitol to the medium was unable to rescue the growth defect of the rho1 G15V strain at 39°C (Fig. 3A) .
A strain with a deletion of RHO10 displayed pronounced growth defects at 37°C of 4 to 5 orders of magnitude compared to the wild type and to growth of the rho10⌬ strain at permissive temperatures and was unable to grow at 39°C (Fig. 3B) . Temperature sensitivity was fully remediated by the complemented rho10⌬::RHO10 strain (Fig. 3B) . Similarly to growth of the rho10⌬ strain, growth of a strain lacking both RHO10 and RHO11 was severely impaired at 37°C and 39°C (Fig. 3B) . Partial rescue of temperature sensitivity by the addition of sorbitol to the medium occurred but was more enhanced for the rho10⌬ rho11⌬ strain than for one containing only a single rho10 deletion (Fig. 3B) . A strain with a deletion of RHO11 exhibited no defects at any temperature tested (Fig. 3B) .
The PKC1 cell integrity pathway is activated in response to thermal stress. The PKC1 cell integrity pathway in C. neoformans is comprised of three downstream MAP kinases: Bck1 (MAPK kinase kinase [MAPKKK]), Mkk2 (MAPKK), and the presumed terminal kinase Mpk1 (MAPK) (18, 33) . For all experiments in this study, we chose to examine the kinetics of PKC1 pathway activation by shifting cells rapidly from 24°C to 39°C by dilution in prewarmed medium for 1 h (29). To first determine whether the PKC1 pathway was activated in response to thermal stress, a wildtype strain containing the Mpk1 epitope tagged with Flag was grown at 24°C and then subjected to thermal stress at 39°C. Utilizing an antibody specific for phosphorylated Mpk1, an increase in Mpk1 phosphorylation was observed in protein lysates after heat shock at 39°C at 15, 30, 45, and 60 min compared to cells that had been left at 24°C with no heat shock (Fig. 4A) . This indicated that the PKC1 pathway was activated in response to thermal stress. Using an anti-Flag antibody to detect total Mpk1 independent of phosphorylation, we demonstrated that the total amount of Mpk1 protein did not change when cells were heat shocked at 39°C compared to 24°C. The specificity of the anti-Mpk1 phospho-antibody was also validated because there was no detectable phosphorylation of Mpk1 with or without heat shock in a strain with a deletion of MPK1 (Fig. 4B) . Thus, we concluded that phosphorylation of 
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Q64L point mutants as well as both rho10⌬ and rho10⌬ rho11⌬ strains are temperature sensitive, and this sensitivity is remediated by osmotic stabilization only for strains containing a deletion of RHO10. Cultures of strains were grown overnight in YPD medium at 30°C then diluted to an OD 650 of 1.0. Five microliters of 10-fold serial dilutions were plated onto YPD plates with or without 1 M sorbitol (Sorb) and grown at indicated temperatures for 5 days. Strain names or genotypes are indicated to the left of each panel.
Mpk1, the downstream kinase in the PKC1 pathway, was increased as a result of thermal stress, that this response served as a readout and defined PKC1 pathway activation, and that this phosphorylation event was specific to Mpk1.
Rho1 rho1 G15V and rho1 Q64L point mutants are constitutively active as measured by PKC1 pathway activation via Mpk1 phosphorylation. It has been shown in S. cerevisiae that Rho1p interacts both genetically and biochemically with Pkc1p, and it is likely that at least one of the C. neoformans Rho proteins, presumably Rho1, interacts directly with Pkc1 and is involved in cell integrity pathway activation (34, 35) . To test if there is a relationship between Rho1 and the PKC1 pathway in C. neoformans, we decided to generate constitutively active alleles of Rho1. In S. cerevisiae, two specific point mutants of RHO1 were each shown to be constitutively active, and both prevent intrinsic and GTPase-activating protein (GAP)-induced GTP hydrolysis, locking the strains in the activated form (36) . The analogous substitutions in C. neoformans RHO1 were predicted to be constitutively active based on amino acid conservation and homology to Rho1 proteins from other organisms and growth phenotypes when these mutants were heterologously expressed in S. cerevisiae (20) . We generated C. neoformans strains carrying these alleles with amino acid substitutions of Val for Gly at amino acid 15 or Leu for Gln at amino acid 64 in the Mpk1 Flag-tagged strain.
In an attempt to demonstrate definitive constitutive activation, we tested the Rho1 point mutants for their ability to phosphorylate Mpk1 at 24°C in the absence of stress. Both the rho1 G15V and rho1 Q64L strains were able to phosphorylate Mpk1 at 24°C after cells were grown overnight and then split into aliquots and diluted with fresh YPD medium at room temperature for an additional hour. Using Mpk1 phosphorylation as a readout for PKC1 pathway activation, these results demonstrated definitively that the rho1 G15V and rho1 Q64L mutants were constitutively active and suggested that Rho1 was involved directly in the activation of the cell integrity pathway (Fig. 5, lanes 3 and  7) . Furthermore, replacement of the rho1 point mutant with the wild-type RHO1 allele restored the Mpk1 phosphorylation of the wild-type strain, indicating that constitutive activation of Mpk1 was a direct result of mutation of either glycine or glutamine at amino acid position 15 or 64, respectively (Fig. 5,  lanes 5 and 9) .
The rho1 G15V and rho1 Q64L constitutively active Rho1 point mutants result in increased phosphorylation of Mpk1 at high temperatures. Although we demonstrated that the rho1 G15V and rho1 Q64L strains with point mutations of Rho1 phosphorylated Mpk1 at 24°C and thus that both of these mutants constitutively activated the PKC1 pathway in the absence of stress (Fig. 5, lanes 3  and 7) , it was also important to determine the effect of heat shock on these mutants. After cells were shifted to 39°C for 1 h, there was an increase in Mpk1 phosphorylation compared to that observed with lysates of cells that remained at 24°C (Fig. 5, lanes 4 and 8) . Thus, the introduction of thermal stress to both the rho1 G15V and rho1 Q64L constitutively active rho1 mutant strains had a synergistic effect on the phosphorylation status of Mpk1 although no variation of total levels of Mpk1 in either of these strains was observed (Fig. 5) .
A strain with a RHO10 deletion is constitutively active for Mpk1 phosphorylation. To determine the involvement of RHO10 in the activation of the PKC1 cell integrity pathway in response to thermal stress, we first analyzed phosphorylation of Mpk1 in a rho10⌬ strain at 24°C. When RHO10 was deleted, Mpk1 was phosphorylated at 24°C, independent of any stress induction (Fig. 6A, lane 3) . This was similar to what was observed biochemically with both rho1 constitutively active mutants. The rho10⌬ mutant was temperature sensitive at 37°C (Fig. 3 ), yet Mpk1 phosphorylation was constitutive even at a permissive temperature in this strain, which suggested that the PKC1 pathway was activated. Total amounts of Mpk1 remained unchanged at 24°C for this mutant, and the levels were similar to those seen for wild type (Fig.  6A, bottom panel) .
FIG 4 Mpk1 phosphorylation is induced in wild-type cells in response to
thermal stress and the anti-Mpk1 phospho-antibody is specific for phosphorylation of Mpk1. (A) KN99␣ cells harboring the Mpk1 Flag-tagged construct were grown overnight in YPD medium at 24°C and then split the next morning into two aliquots. To one aliquot, an equal volume of YPD medium at room temperature was added, and cells were grown for an additional 15, 30, 45, and 60 min at 24°C. To the second aliquot, an equal volume of YPD medium prewarmed to 55°C was added, and the cells were heat shocked for the same number of minutes at 39°C. Western blots containing 50 g of total protein from cell lysates were analyzed by probing sequentially with anti-Mpk1 phospho-antibody and then anti-Flag antibody after the membrane was stripped. (B) The Mpk1 Flag-tagged and mpk1⌬ strains were treated as described for panel A, but heat shocked for 1 h only. Blots were probed sequentially with anti-Mpk1 phospho-antibody, anti-Flag antibody, and finally anti-␤ actin antibody for a loading control after the membrane was stripped.
FIG 5 Mutants that harbor either rho1
G15V or rho1 Q64L in place of endogenous Rho1 are constitutively active independent of heat shock, and Mpk1 phosphorylation is increased with thermal stress compared to that observed at permissive temperatures. KN99␣, rho1 G15V , rho1 G15V ::RHO1, rho1 Q64L , and rho1 Q64L ::RHO1 strains were grown overnight in YPD medium at 24°C and then split the next morning into two aliquots. To one aliquot, an equal volume of YPD medium at room temperature was added, and cells were grown an additional hour at 24°C. To the second aliquot, an equal volume of YPD medium prewarmed to 55°C was added, and the cells were grown for one additional hour at 39°C. Western blots containing 50 g of total protein from cell lysates were analyzed by probing sequentially with anti-Mpk1 phospho-antibody and then anti-Flag antibody after the membrane was stripped. All strains are in the Mpk1 Flag-tagged background.
A strain with a deletion of RHO10 had increased phosphorylation of Mpk1 in response to heat shock. Although we demonstrated that, similar to the constitutively active rho1 point mutant strains, the rho10⌬ strain phosphorylated Mpk1 at 24°C and thus constitutively activated the PKC1 pathway in the absence of stress (Fig. 6A, lane 3) , it was also imperative to determine the biochemical effect of heat shock on a strain with a deletion of RHO10. After cells were shifted to 39°C for 1 h, there was an increase in Mpk1 phosphorylation compared to that observed in lysates of cells that remained at 24°C (Fig. 6A, lane 4) . Thus, subjection of a strain with a deletion of RHO10 to thermal stress had a synergistic effect on Mpk1 phosphorylation, similar to what was observed for both rho1 point mutants. Moreover, similar to what was seen for the rho1 G15V and rho1 Q64L mutants, no variation in the total amount of Mpk1 was observed for the rho10⌬ strain (Fig. 6A, bottom  panel) .
RHO11 is not required for Mpk1 phosphorylation in response to thermal stress. To determine the role of the third RHO1 homologue, RHO11, in the activation of the PKC1 pathway in response to thermal stress, we measured the phosphorylation of Mpk1 in two independently generated rho11⌬ strains at both 24 o and 39°C. In the absence of RHO11, C. neoformans was able to phosphorylate Mpk1 in response to heat shock similarly to wild type; the MAPK was phosphorylated at 39°C, but phosphorylation was essentially absent at a permissive temperature (Fig. 6B, lanes 3,  4, 7, and 8) . The total amount of Mpk1 remained essentially unchanged (Fig. 6B, bottom panel) .
A strain with a deletion of both RHO10 and RHO11 demonstrates Mpk1 phosphorylation similar to wild type upon subjection to thermal stress. A strain containing deletions in both RHO10 and RHO11 was barely able to survive at 37°C, similar to a rho10 single deletion strain (Fig. 3B) . Therefore, we hypothesized that, like a strain lacking only RHO10, a rho10⌬ rho11⌬ strain would constitutively activate the PKC1 pathway and phosphorylate Mpk1 even at permissive temperatures. Surprisingly, this was not the case. Rather, Mpk1 phosphorylation of four independent rho10⌬ rho11⌬ strains mimicked that of the wild type, thus demonstrating the lack of a direct correlation between PKC1 pathway activation as measured by Mpk1 phosphorylation and the cells' ability to survive at high temperatures (Fig. 6B, lanes 5, 6, 9 , and 10 and data not shown). The contrasting phosphorylation patterns of strains containing single rho10 or rho11 deletions taken together with these data regarding the double mutant led to the idea that perhaps RHO10 and RHO11 have opposing roles in C. neoformans regarding cell integrity and PKC1 pathway activation.
The rho1 G15V and rho1 Q64L point mutants and rho10⌬ and rho10⌬ rho11⌬ deletion mutants exhibit cell integrity defects. PKC1 cell integrity pathway components and regulators of C. neoformans that have been identified previously have been shown to be critical for resistance to a variety of cell wall stresses (17, 18, 33) . Therefore, we examined potential involvement of the Rho GTPases with the PKC1 pathway by determining mutant strain sensitivities to cell wall stressors. Mutant strains were subjected to medium containing sodium dodecyl sulfate (SDS), which disrupts the plasma membrane and lyses cells with cell wall defects, calcofluor white (CFW), which binds to chitin and to a lesser extent glucan and disrupts the cell wall (37) (38) (39) , sodium chloride (NaCl), which induces osmotic stress, Congo red, which binds to ␤-1,4-glucans and interferes with cell wall construction (40) , and caffeine, which has been used extensively in S. cerevisiae to identify mutants defective for signal transduction (41) . The constitutively active rho1 G15V mutant exhibited smaller colonies on and was more sensitive to both calcofluor white and Congo red by 2 to 3 orders of magnitude than both the wild type and the rho1 G15V mutant on YPD medium alone. This point mutant was approximately 3 orders of magnitude more sensitive to caffeine and dead on 0.03% SDS compared to both growth on YPD medium alone and also to the wild type (Fig. 7A) . In contrast, the rho1 Q64L mutant was severely impaired (ϳ4 orders of magnitude more sensitive) when exposed to either calcofluor white or NaCl and also exhibited smaller colonies on both types of media and did not grow on 0.01% SDS and 1 mg/ml caffeine (Fig. 7A) . Importantly, all phenotypes for both point mutant strains were rescued by the corresponding complemented strains (Fig. 7A) . It is intriguing that the two constitutively active rho1 mutants displayed such marked differences when they were subjected to cell wall-perturbing agents. The cell integrity of the rho1 Q64L mutant was more compromised than that of the rho1 G15V mutant, correlating with an observed increase in constitutive Mpk1 phosphorylation at 24°C (Fig. 5 and 7A ). This indicated that although both mutants constitutively activated the PKC1 pathway biochemically, these mutations have additional effects on cell integrity that differ from each other, thereby pointing toward separate and distinct roles for RHO1 in the cell (Fig. 5, lanes 1, 3 and 7, and 7A) .
A strain with a deletion of RHO10 also exhibited cell integrity phenotypes. This mutant had a slight sensitivity to calcofluor white (and also exhibited smaller colony size) and failed to grow on 0.03% SDS and also on 1 mg/ml caffeine compared to growth on YPD medium alone and also to growth of KN99. The cell integrity defects shown by the rho10⌬ mutant were completely restored with the complemented strain carrying rho10⌬::RHO10 (Fig. 7B) .
The rho10⌬ rho11⌬ double mutant, similar to a strain contain- phosphorylation independent of heat shock, phosphorylation is increased at high temperature, and both rho11⌬ and rho10⌬ rho11⌬ strains confer wildtype Mpk1 phosphorylation. Strains were grown overnight in YPD medium at 24°C and then split the next morning into two aliquots. To one aliquot, an equal volume of YPD medium at room temperature was added, and cells were grown an additional hour at 24°C. To the second aliquot, an equal volume of YPD medium prewarmed to 55°C was added, and the cells were grown for one additional hour at 39°C. Western blots containing 50 g of total protein from cell lysates were analyzed by probing sequentially with anti-Mpk1 phosphoantibody and then anti-Flag antibody after the membrane was stripped. All strains are in the Mpk1 Flag-tagged background. Strain names and/or genotypes are given above the blots.
ing only a single deletion of RHO10, was severely impaired when subjected to 0.03% SDS and 1 mg/ml caffeine (Fig. 7B) . A strain with a deletion of both RHO10 and RHO11 produced cells that were more sensitive to calcofluor white than a strain with a deletion of only RHO10, but the rho10⌬ rho11⌬ strain fared notably better than the single mutant rho10⌬ strain on 0.5 mg/ml caffeine (Fig. 7B) . A strain with a deletion of RHO11 demonstrated no cell integrity phenotypes when subjected to any agent tested (Fig. 7B) . Taken together, these data suggest that both RHO1 and RHO10 may play an integral role in the regulation of the PKC1 cell integrity pathway in C. neoformans. A strain with a deletion of RHO10 confers sensitivity to nitrosative stress. We previously demonstrated that both oxidative and nitrosative stresses activate the PKC1 cell integrity pathway in wild-type cells, as measured by phosphorylation of Mpk1. We also determined that PKC1 was necessary for defense against both H 2 O 2 and NaNO 2 in vitro (17) . Given the probability that Cryptococcus would encounter both or either of these stresses rapidly in the lung following inhalation by a host, we sought to determine if any of the RHO genes was necessary for protection. Only a strain with a deletion of RHO10 was sensitive to 1 mM NaNO 2 (Fig. 8) . Furthermore, we observed a decrease in growth of the rho10⌬ rho11⌬ strain in the presence of NaNO 2 (ϳ1 order of magnitude compared to growth of this mutant in the absence of nitrosative stress), but the double mutant displayed much less sensitivity than the single rho10⌬ mutant. None of the mutants exhibited any sensitivity to the oxidative stressors H 2 O 2 and diamide (data not shown).
All rho mutants have melanin production levels similar to those of the wild type, but rho1 G15V and rho1 Q64L mutant strains display decreased capsule. To further characterize our panel of Rho GTPase mutants, we chose to analyze two components known to be critical for virulence, polysaccharide capsule and melanin production. After induction of capsule on solid DMEM in the presence CO 2 for 5 days, 100 to 300 cells per strain were analyzed microscopically in the presence of India ink (India ink is excluded from the capsule and therefore easily   FIG 7 RHO1 and RHO10 are necessary for protection against cell wall stress but RHO11 is dispensable for this response. Cultures of strains were grown overnight in YPD medium at 30°C then diluted to an OD 650 of 1.0. Five microliters of 10-fold serial dilutions were plated onto YPD plates plus the indicated inhibitor (SDS, sodium dodecyl sulfate; CFW, calcofluor white) and grown at 30°C for 5 days. Strain names or genotypes are indicated to the left of the panels.
FIG 8
A strain with a deletion of RHO10 but not both RHO10 and RHO11 is sensitive to nitrosative stress. Cultures of strains were grown overnight in YPD medium at 30°C and then diluted to an OD 650 of 1.0. Five microliters of 10-fold serial dilutions were plated onto freshly made YNB, pH 4.0, plates containing 1 mM NaNO 2 and grown for 5 days at 30°C. visualized), and capsule diameter was measured. Both the rho1 G15V and rho1 Q64L point mutant strains had significantly decreased capsule sizes (Fig. 9) . The median capsule diameter of the rho1 G15V mutant was 1.6 Ϯ 0.43 m, and that of the rho1 Q64L mutant was 1.7 Ϯ 0.56 m, whereas wild-type cells had a median capsule diameter of 2.4 Ϯ 0.57 m (Fig. 9A) . However, the cell body diameters of both of these mutants were also somewhat smaller than the cell body diameter of the wild type, and it remains uncertain if induced capsule size was a reflection of this trait (Fig. 9B) . All strains exhibited melanin production similar to wild-type levels when plated on medium containing L-DOPA (data not shown).
PKC1 pathway components Bck1 and Mkk2 are required for Mpk1 phosphorylation in response to thermal stress. To further explore the role of the PKC1 cell integrity pathway in response to thermal stress, we analyzed deletions in known components of the pathway upon heat shock at 39°C for 1 h. The MAP kinases downstream of Pkc1 in C. neoformans consist of Bck1, Mkk2, and Mpk1, and targeted gene deletions were previously generated in the Mpk1 Flag-tagged background (18, 33) . In C. neoformans, Bck1 and Mkk2 were required for Mpk1 phosphorylation in response to either oxidative or nitrosative stress. However, they were dispensable for resistance to these stresses in vitro. This was in contrast to what was seen at host temperature; both the bck1⌬ and mkk2⌬ strains were temperature sensitive at 37 o and 39°C (18) . To determine if Bck1 and Mkk2 were required for Mpk1 phosphorylation during heat shock, we analyzed Mpk1 phosphorylation in bck1⌬ and mkk2⌬ strains. In the absence of BCK1 or MKK2, C. neoformans was unable to phosphorylate Mpk1 in response to heat shock at 39°C, but the total amounts of Mpk1 remained unchanged (Fig. 10A) . These data showed definitively that the PKC1 downstream pathway components Bck1 and Mkk2 were required for Mpk1 phosphorylation and thereby activation of the cell integrity pathway in response to thermal stress.
PKC1 is dispensable for Mpk1 phosphorylation in response to thermal stress. The major regulator of the PKC1 cell integrity
FIG 9
The constitutively active rho1
G15V and rho1
Q64L mutant strains display decreased capsule size compared to wild-type cells. Capsule was induced by growing cells on DMEM plates in the presence of 5% CO 2 for 5 days at 30°C. Cells were stained with a 1:4 India ink-H 2 O solution, and capsule diameter was measured for a minimum of 100 cells per strain. (A) Differences in capsule diameters were tested for statistical significance using a one-way ANOVA with a Dunnett's t posthoc test to compare each mutant or deletion strain to the WT (see Materials and Methods). Open circles represent measurements that were Ͼ1.5 to 3.0 times the interquartile range. Asterisks represent measurements that were greater than three times the interquartile range. (B) Microscopic representation of India ink-stained cells for each strain at a magnification of ϫ400.
FIG 10
The PKC1 pathway components Bck1 and Mkk2 are necessary but Pkc1 is dispensable for phosphorylation of Mpk1 in response to thermal stress in C. neoformans. (A) KN99␣, bck1⌬, and mkk2⌬ strains were grown overnight in YPD medium at 24°C and then split the next morning into two aliquots. To one cell aliquot, an equal volume of YPD medium at room temperature was added, and cells were grown an additional hour at 24°C. To the other cell aliquot, an equal volume of YPD medium prewarmed to 55°C was added, and the cells were grown for one additional hour at 39°C. Western blots containing 50 g of total protein from cell lysates were analyzed by probing sequentially with anti-Mpk1 phospho-antibody and then anti-Flag antibody after the membrane was stripped. All strains are in the Mpk1 Flag-tagged background. Identical results were obtained when experiments with KN99␣, bck1⌬, and mkk2⌬ strains were done using YPD medium containing 1 M sorbitol. (B) KN99␣ and pkc1⌬ strains in the Mpk1 Flag-tagged background were treated identically to samples described in panel A, but all YPD medium contained 1 M sorbitol due to the conditional lethality of the pkc1 deletion strain.
kinase cascade in C. neoformans is believed to be PKC1, and a conditional lethal gene deletion was previously generated in the Mpk1 Flag-tagged strain. PKC1 was previously shown to be essential for Mpk1 phosphorylation in response to both nitrosative and oxidative stresses (17) . This gene was also found to be required for response to high temperature; a pkc1⌬ strain did not grow at either 37 o or 39°C in vitro. Because the PKC1 pathway components BCK1 and MKK2 were shown to be necessary for Mpk1 phosphorylation in response to heat shock, we also chose to examine the response of a strain with a deletion of the vital regulator of cell integrity, PKC1. We hypothesized that, given this gene's importance in maintenance of cell integrity and the myriad of phenotypes observed in a pkc1⌬ mutant, this gene would be required for cell integrity pathway activation as measured by Mpk1 phosphorylation. Surprisingly, a strain with a deletion of PKC1 was able to phosphorylate Mpk1 upon induction of thermal stress in a manner that mirrored the wild-type strain. Furthermore, the total amount of Mpk1 remained unchanged (Fig. 10B) . These results indicated that PKC1 was dispensable for the Mpk1 phosphorylation response to heat shock. Taken together with results demonstrating that the pathway components BCK1 and MKK2 are necessary for Mpk1 phosphorylation, these data implied that there are inputs downstream and independent of PKC1 that are crucial for signaling and/or regulating the response of C. neoformans to thermal stress.
DISCUSSION
In this study, we analyzed mutant strains of C. neoformans RHO homologues (rho1 G15V , rho1 Q64L , rho10⌬, rho11⌬, and rho10⌬ rho11⌬ strains) and their responses to thermal stress via the PKC1 cell integrity pathway. S. cerevisiae has multiple Rho proteins, and Rho1p is the major Rho protein involved in activation of the cell integrity pathway. C. neoformans encodes three proteins which have closer homology to S. cerevisiae Rho1p than to the other S. cerevisiae Rho proteins, hinting that C. neoformans may use multiple Rho proteins to modulate the PKC1 cell integrity pathway. We determined that these three genes have distinct roles in signaling in response to high temperature and showed that RHO1 is an essential gene by utilization of the repressible copper promoter, P CTR4 . C. neoformans Rho1 protein is 77% identical to S. cerevisiae Rho1p, and the latter has been shown to interact both biochemically and genetically in its GTP-bound form with the MAP kinase Pkc1p (34, 35) . Rho1p is also required in S. cerevisiae for 1,3-␤-Dglucan synthase activity (42) . Given that RHO1 is essential, it is likely that this gene has similar important roles in C. neoformans. In this study, we have begun to reveal functions for each individual Rho homologue and its distinct role in response to thermal stress.
The C. neoformans Rho1 rho1 G15V and rho1 Q64L point mutants, which generate amino acid substitutions in phosphate and magnesium binding sites, were first generated by Chang and Penoyer (20) and described as constitutively active based on amino acid conservation and homology to Rho1 proteins from other organisms. In this study, we further characterized these mutants in C. neoformans to demonstrate that both of them constitutively activate the PKC1 pathway. These activating mutations made in highly conserved amino acids prevent intrinsic and GTPase-activating protein (GAP)-induced GTP hydrolysis have been utilized extensively in other systems (36) . Using phosphorylation of Mpk1, the presumed terminal kinase in the PKC1 cell integrity pathway, as a measure of activation, we demonstrated that each of the Rho1 point mutant strains constitutively phosphorylates Mpk1 independent of stress (Fig. 5) .
Interestingly, rho1 G15V and rho1 Q64L strains, when subjected to cell wall-inhibiting agents, both exhibit detrimental phenotypes, but the rho1 Q64L strain is more severe, and one could speculate that this is a result of persistent increased phosphorylation of Mpk1 that reduces the cells' ability to maintain integrity ( Fig. 5  and 7A) . Conversely, the rho1 G15V strain exhibits greater temperature sensitivity than the rho1 Q64L mutant at 39°C (Fig. 3A) . The differential effects of these two alleles are supported by previous work in which C. neoformans RHO1 or RHO1 point mutants identical to the two used in this study were overexpressed in C. neoformans using a GAL7 promoter in a strain that still contained wildtype RHO1. Induced expression of the wild-type RHO1 or the rho1 G15V allele produced no discernible growth defects, but induced expression of the more severe rho1 Q64L allele resulted in detrimental phenotypes. This suggests that the two mutant alleles have inherent differences in their activity. Because the phosphorylation levels of Mpk1 were similar for both mutants, these differences could be a result of Rho1 activation or expression levels of Rho1 that affect other cellular functions. Preliminary data from our laboratory indicate that expression of RHO1 is decreased in the rho1
Q64L strain approximately 2-fold compared to the wild type when cells are grown at 24°C and 3-fold when cells are subjected to heat shock at 39°C for 1 h, whereas RHO1 expression is largely unaffected in the rho1 G15V strain at either temperature (unpublished data). Taken together, these data suggest that expression of Rho1 as well as regulation of the PKC1 pathway is critical for fitness of fungal cells, and that balance likely contributes to cells' ability to flourish.
It is intriguing that mutants which presumably render Rho1 constitutively active display phenotypes similar to cell wall mutants. One hypothesis is that constitutive phosphorylation of Mpk1 has no deleterious effects but that constitutive activation of Rho1 results in adverse phenotypes that are unrelated to the PKC1 cell integrity pathway. Another possibility is that extended activation of the PKC1 pathway itself is deleterious and that the ability to downregulate is critical for proper maintenance of cell integrity. The importance of downregulation of the PKC1 pathway is suggested by the gradual decrease in Mpk1 phosphorylation following a peak at approximately 30 min after the introduction of thermal stress for wild-type cells (Fig. 4) . Either of these hypotheses is supported by previous work in which C. neoformans rho1 G15V and rho1 Q64L point mutants similar to the two used in this study were overexpressed in S. cerevisiae under the control of the GAL1 promoter. When S. cerevisiae was grown on galactose, both alleles inhibited growth although the Q64L allele had a more severe defect than the G15V allele (20) .
Considerable effort went into the generation of independent rho11 deletion strains, and it is worth noting that multiple unsuccessful attempts were made to complement the deletion strain in the RHO11 locus. This could be due at least in part to the close proximity of RHO11 to the centromere of chromosome 7, a region known to contain transposable element-like repetitive sequences, making it difficult for homologous recombination to occur. Another reason for this difficulty could be that the 3= untranslated region (UTR) of this gene is proximal to the promoter region of the catalytic subunit of polymerase alpha, which is most certainly an essential gene in C. neoformans and unequivocally important for DNA replication and cell survival.
Our data suggest that, in addition to Rho1, both Rho10 and Rho11 together play a vital role in regulating the cell integrity pathway. At 24°C, wild-type C. neoformans does not activate the cell integrity pathway, as measured by Mpk1 phosphorylation (Fig. 4A ), but when Rho10 is absent, Mpk1 is abundantly phosphorylated at 24°C and hyperphosphorylated at 39°C, and the wild-type pattern of phosphorylation is restored when RHO11 and RHO10 are both deleted (Fig. 6) . Figure 11 depicts a model that is consistent with these observations as well as with the in vitro phenotypes concerning temperature and cell wall stress in these mutant strains. In this proposed model, Rho1 does not activate the pathway at lower temperatures but is the major activator of the pathway at higher temperatures. Rho11 can activate the pathway at all temperatures, but Rho10 interferes with or represses this activation at permissive temperatures. At higher temperatures, Rho10 repression is released, allowing Rho11 to activate the pathway. This is consistent with the fact that deletion of RHO11 has no effect on Mpk1 phosphorylation at a permissive temperature and causes a slight reduction of Mpk1 phosphorylation at 39°C. In further support of the model, deletion of RHO10 has increased phosphorylation at 24°C, and the absence of both RHO10 and RHO11 rescues the hyperphosphorylation seen in the rho10⌬ strain. The increased phosphorylation of Mpk1 in the rho10⌬ strain may be responsible for the detrimental growth defects, similar to what is seen with the Rho1 point mutant strains. In the absence of RHO10, cells exhibit growth sensitivities to both elevated temperatures and cell wall inhibitors (Fig. 3B and 7B) . However, a strain with a deletion of RHO11 yields results similar to those of the wild type, suggesting that Rho1 is sufficient for activation of the cell integrity pathway during thermal stress. Interestingly, the rho11⌬ strain, with slightly reduced Mpk1 phosphorylation at 39°C compared to the wild type (Fig. 6B) , demonstrates extreme temperature sensitivity at both 37 o and 39°C when plated on YPD medium containing hygromycin, the selectable marker used in the generation of the rho11 deletion cassette (data not shown). This suggests that two stresses combined, high temperature and the presence of drug, elicit a phenotype that is not apparent with a single stress of high temperature.
Our model predicts that Rho10 represses Rho11 activity at 24°C, but our data also suggest that Rho10 has other functions as well. If Rho10 were only a repressor of Rho11, then the double mutant rho10⌬ rho11⌬ strain would have no in vitro phenotypes, but it behaves similarly to a rho10⌬ strain in that it grows slightly more slowly than the wild type, even at room temperature. Furthermore, it is sensitive to high temperatures and cell wall-perturbing agents (Fig. 3B and 7B ) even though the phosphorylation pattern of Mpk1 is similar to that of the wild type. These data suggest that Rho10 is required for other activities in the cell that contribute to cell wall integrity and high temperature growth. One explanation is that RHO10 may be modulating its effects via as yet undiscovered components alternative to those in the PKC1 pathway, indicating that the PKC1 pathway is necessary, but not sufficient, for protection against thermal stress. Interestingly, Rho10 does not possess a classic C-terminal prenylation site, CAAX (where A represents an aliphatic amino acid), which is important for membrane localization and function in other known Rho proteins. It does, however, possess a C-terminal polybasic region that could be instrumental for membrane localization and also possibly for interaction of this small GTPase with guanine nucleotide exchange factors (43) . This may point to a unique and as yet undefined function for this protein in C. neoformans.
Our phenotypic and biochemical data combined suggest that Rho10 and Rho11 may have opposing functions in the cell and act in concert to balance and coordinately regulate certain aspects of cell integrity and PKC1 pathway activation. All three of the activating mutations, rho10⌬, rho1 G15V , and rho1 Q64L , result in a paradoxical negative effect on cell integrity, and this may be due to a sequestering or imbalance of signaling partners or guanine exchange factors (GEFs) that make them active (GTP-bound) and/or GTPase-activating proteins (GAPS) that render them inactive (GDP bound). Furthermore, deletion of the C. neoformans GAP Lrg1, which would likely cause constitutive activation of at 1 h) , Rho1 signals the activation of the cell integrity pathway, and Mpk1 is phosphorylated. Rho10 is inactivated, thereby releasing inhibition of Rho11, resulting in activation of the cell integrity pathway. Rho10 may also positively regulate an unknown protein or process that leads to the activation of the thermal stress response independent of Mpk1 phosphorylation (dashed arrows). For thermal stress response, Pkc1 is dispensable; therefore, Rho proteins likely interact with downstream components of the PKC1 pathway (brackets and solid arrows). Rho1, Rho10, and Rho11 act in concert and require balance to regulate the precise and critical amount of Mpk1 phosphorylation needed for growth and combating thermal stress. least one of the Rho proteins, also demonstrates severe detrimental phenotypes similar to those seen with rho10⌬, rho1 G15V , and rho1 Q64L strains, such as sensitivities to Congo red, SDS, and growth at high temperature (18) . The phenotypes of an lrg1⌬ strain emphasize yet another striking distinction between C. neoformans and S. cerevisiae, as deletion of LRG1 in baker's yeast does not result in severe cell integrity defects. Additionally, dominantactivating mutations in either RHO1 or RHO10 may cause altered localization of these Ras-like signaling components, including GEFS and GAPS, contributing to the severity of phenotypes and decreased maintenance of cell integrity observed with rho1 G15V , rho1 Q64L , and rho10⌬ strains. Strains harboring either the rho1 G15V or rho1 Q64L point mutation in place of wild-type Rho1, however, do not share the nitrosative stress sensitivity exhibited by a rho10⌬ strain, supporting the idea that Rho1 and Rho10 have functions in the cell distinct from each other.
We were interested in determining the response of the PKC1 cell integrity pathway to thermal stress and the RHO gene family's involvement in this pathway. Therefore, we chose to examine the effect of heat shock on strains with deletions of known pathway components (18) . A striking finding in this study was that, although Bck1 and Mkk2 are necessary for Mpk1 phosphorylation and thus PKC1 pathway activation upon heat shock, Pkc1 is not required for this response (Fig. 10 ). This is in direct contrast to what has been observed with pkc1 mutants in S. cerevisiae, where Pkc1 was found to be necessary for pathway activation in response to thermal stress (29) . These data strengthen the idea that signaling components in C. neoformans, although highly conserved, have diverged enough to elicit distinct responses to stress that differ dramatically from those in the well-studied baker's yeast. Furthermore, Pkc1 was previously shown to be required for response to nitrosative stress in C. neoformans, so it is clear that the response of Mpk1 phosphorylation and PKC1 pathway activation differ in specificity between thermal and nitrosative stress in this opportunistic pathogen (17) . The current studies emphasize that although Pkc1 has multiple functions and pleiotropic effects and exhibits temperature sensitivity, its involvement in Mpk1 phosphorylation in response to heat shock is dispensable (17) .
Taken together, these findings demonstrate that the Rho GTPases have distinct roles for cell stress responses, specifically thermal stress, and that this response is not necessarily transmitted by Pkc1 and likely involves alternate pathways or signaling components (Fig. 11) . Bahn et al. have previously characterized the C. neoformans MAP kinase Hog1 and shown its importance in response to a wide variety of external stresses (44) . Preliminary data from our laboratory indicate that in a strain with a deletion HOG1, Mpk1 phosphorylation is increased regardless of temperature and that phosphorylation increases when cells are subjected to heat shock at 39°C for 1 h compared to growth at 24°C (data not shown). Not surprisingly, this strengthens the notion that cross talk between pathways is likely occurring and that the cells' ability to survive upon encountering thermal stress is dependent on more than one pathway.
Ballou et al. demonstrated elegantly that Cdc42, a closely related Rho1 homologue, was necessary for thermal tolerance in C. neoformans and that this protein was essential for virulence in a mouse model of infection. We showed in this study that additional small Rho GTPases are important for the response to heat shock, but the effect of deletions in Rho proteins on virulence has yet to be determined. We hypothesize that, due to the temperature-sensitive phenotypes of rho10⌬ and rho10⌬ rho11⌬ strains, these mutants will be avirulent or at least demonstrate reduced pathogenesis in a mouse model of infection.
Expanding on data presented in this study, it is plausible that Rho1, Rho10, and Rho11 share GEFs and/or GAPS and that these regulators preferentially bind to one or the other Rho protein in response to specific stresses. We have indentified three C. neoformans GEFS, Rom2, Rom20, and Rom21, and four GAPS, Lrg1, Bag7, Bem3, and Rga1, and it will be interesting to determine which of these proteins are involved in regulation of Rho1, Rho10, and Rho11 (18; also unpublished data). This knowledge should greatly increase our understanding of the regulation and function of the Rho GTPases in C. neoformans.
